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Nucleotide sequencing of a region of wheat chloroplast DNA between the genes for the 47 kDa chlorophyll 
a-binding protein of photosystem II @bB) and cytochrome b-563 (petB) has revealed an open reading frame 
of 73 codons. This open reading frame has been identified as the gene (psbH) for the 10 kDa phosphoprotein 
of photosystem II by comparison with the published N-terminal amino acid sequence and amino acid com- 
position of the purified spinach protein. The predicted sequence of the protein shows some homology with 
the N-terminal region of the light-harvesting chlorophyll a/b-binding protein of photosystem II (LHCII). 
Phosphoprotein Photosystem II 
1. INTRODUCTION 
The chloroplast genome contains the genetic in- 
formation for approximately half of the identified 
polypeptides of the thylakoid membrane system, 
including components of photosystems I and II, 
the cytochrome b-fcomplex and ATP synthase 111. 
However, the location of the genetic information 
for a number of smaller polypeptides, particularly 
in photosystem II preparations [2], has not been 
determined. Although seven chloroplast genes for 
polypeptides of photosystem II have been iden- 
tified [3-71 the possibility that other photosystem 
II polypeptides are encoded in chloroplast DNA 
must be considered. Nucleotide sequencing has 
revealed a number of small open reading frames 
which have been shown to be cotranscribed with 
known photosystem II genes. These include an 
open reading frame of 62 codons which is co- 
transcribed with the genes for the D2 and 44 kDa 
chlorophyll a-binding polypeptides [8,9] and two 
open reading frames of 38 and 40 codons which are 
cotranscribed with the genes for cytochrome b-559 
polypeptides [IO]. However, the putative products 
Chloroplast DNA (Wheat) 
of these open reading frames have not yet been 
identified as photosystem II polypeptides. 
We now report that nucleotide sequencing 
downstream of the gene Q.&B) for the 47 kDa 
chlorophyll a-binding protein in wheat chloroplast 
DNA has revealed an open reading frame of 73 
codons which may be identified as the gene Q&H) 
for the 10 kDa phosphoprotein of photosystem II 
by reference to the published N-terminal amino 
acid sequence and amino acid composition of the 
spinach protein [ 11). 
2. MATERIALS AND METHODS 
Plasmid pTac 2.33, containing the 3.3 kbp 
(B15), 4.6 kbp (Bll) and 1.7 kbp (B20) BumHI 
fragments of wheat chloroplast DNA inserted in 
the BarnHI site of pBR322, was a gift from C.M. 
Bowman. The location of these fragments on the 
restriction map of wheat chloroplast DNA is 
shown in fig. 1. Nucleotide sequencing of 5 ‘-end- 
labelled restriction fragments of wheat chloroplast 
DNA was carried out by the method of Maxam 
and Gilbert [12] with the modifications described 
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by Barker et al. [13]. The sequencing strategy is 
outlined in fig. I. 
Comparisons of amino acid compositions were 
made using the parameter SAn [ = +z(ni~ - niB)2 
where ni is the number of residues of an individual 
amino acid in proteins A or B] of Cornish-Bowden 
[14]. Comparisons of amino acid sequences were 
made using the DIAGON programme described by 
Staden [15]. 
3. RESULTS 
Nucleotide sequencing of a region of wheat 
chloroplast DNA between the gene @x&B) for the 
47 kDa chlorophyll a-binding polypeptide of 
photosystem II and the gene (p&B) for the apopro- 
tein of cytochrome b-563 revealed an open reading 
frame of 73 codons. A detailed restriction map of 
a region of wheat chloroplast DNA delimited by 
HindIII and XbaI sites and its location in the 
wheat chloroplast genome are shown in fig. 1. The 
nucleotide sequence of the open reading frame and 
its flanking regions is shown in fig.2. The open 
reading frame starts with an ATG codon and ends 
with a TAG codon. The N-terminal sequence of 
the protein predicted from the nucleotide sequence 
matches in 8 out of 9 residues with the determined 
N-terminal sequence (Ala-Thr-Gln-Thr-Val-Glu- 
Ser-Ser-Ser) of the 10 kDa phosphoprotein of 
spinach thylakoid membranes [ 111. The probabili- 
ty of the matching sequence of 9 amino acid 
residues occurring by chance in a protein with the 
amino acid composition deduced from the wheat 
open reading frame is 1.6 x IO-“, suggesting that 
the open reading frame is the gene for the 10 kDa 
phosphoprotein. Comparison of the amino acid 
composition of the protein deduced from the 
nucleotide sequence of the open reading frame 
with the amino acid composition determined for 
the spinach phosphoprotein (table l), by the 
method of Cornish-Bowden [14], suggests con- 
siderable similarities between the proteins. The 
parameter tin is an unbiased estimator of the 
number of differences between two sequences, and 
a value of 7.2 (or O.lON, where N = 72 amino acid 
residues, allowing for the removal of the N- 
terminal methionine residue) suggests that the se- 
quences are 90% identical. The value of SAn of 7.2 
is considerably less than 0.42N indicating a greater 















Fig.1. (A) Restriction map of wheat chloroplast DNA 
showing the cleavage sites for PstI and &A [16] and the 
BarnHI sites in pTac 2.33. The position of the gene 
@bH) for the 10 kDa phosphoprotein is shown as a 
filled box. The locations of other genes are given in 
[17,18]. The directions of transcription of genes are 
indicated by the arrows. (B) Detailed restriction map of 
the 440 bp HindIII-Xbui fragment and sequencing 
strategy. The direction and extent of sequencing are 
shown by the arrows. The dotted area represents plasmid 
DNA sequences not investigated in this study. 
the proteins did not arise by chance [14]. The very 
close match of both the N-terminal sequence and 
the amino acid composition of the spinach protein 
with the deduced wheat sequence indicates beyond 
any reasonable doubt that the open reading frame 
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50 
ATGGATCTAC GAAAAGATCG TGTATTTACA ACTACAACGG AATAGTATAC AAAGTCAACA CCAATGATTA AATAGAATTT 
100 
ATG GCT ACA CAA ACC GTT GAA GAT AGT TCT AAA CCT AGG CCA AAA CGA ACT GGT GCA GGT AGT TTA 
Met Ala Thr Gln Thr Val Glu Asp Ser Ser Lys Pro Arg Pro Lys Arg Thr Gly Ala Gly Ser Leu 
1 10 20 
150 200 
CTG AAA CCC TTG AAT TCG GAA TAT GGG AAA GTC GCC CCG GGT TGG GGG ACT ACT CCT TTT ATG GGG 
Leu Lys Pro Leu Asn Ser Glu Tyr Gly Lys Val Ala Pro Gly Trp Gly Thr Thr Pro Phe Met Gly 
30 20 
250 
GTC GCA ATG GCT TTA TTC GCT ATA TTC CTA TCT ATC ATT TTA GAA ATT TAT AAT TCT TCC GTT TTA 
Val Ala Met Ala Leu Phe Ala Ile Phe Leu Ser Ile Ile Leu Glu Ile Tyr Asn Ser Ser Val Leu 
50 60 
300 
CTG GAC GGA ATT TTA ACC AAT ;‘AG GTTTCTACTA ACTAAAACTA 
Leu Asp Gly IIToLeu Thr Asn 
Fig.2. Nucleotide sequence of the p&H gene and predicted amino acid sequence of the 10 kDa phosphoprotein. 
Table 1 
Amino acid compositions of the predicted wheat protein 
and the isolated spinach phosphoprotein 
Amino acid mol/lOO mola mol/mol proteinb 
Spinach Wheat Spinach Wheat 
Asx 7.5 6.9 5.4 5 
Thr 6.4 8.3 4.6 6 
Ser 11.4 9.7 8.2 7 
Glx 6.7 5.5 4.8 4 
Pro 8.3 6.9 6.0 5 
GlY 10.0 9.7 7.2 7 
Ala 9.2 8.3 6.6 6 
Val 7.7 5.5 5.5 4 
Met 3.4 2.8 2.4 2 
Be 4.3 6.9 3.1 5 
Leu 11.7 12.5 8.4 9 
T yr 2.8 2.8 2.0 2 
Phe 2.9 4.2 2.1 3 
His 0.2 0 0.1 0 
Lys 4.6 5.5 3.3 4 
Arg 3.1 2.8 2.2 2 
CYS 0 0 0 0 
Trp 0 1.4 0 1 
a Values calculated from [ 1 l] 
b Values calculated for polypeptide of 72 residues, after 
removal of N-terminal methionine residue 
of 73 codons is the gene (p&H) for the 
phosphoprotein. This is the eighth gene for a 
photosystem II polypeptide to be located in 
chloroplast DNA. A similar open reading frame of 
73 codons has been recognised in liverwort [19] 
and tobacco [20] chloroplast DNAs. 
4. DISCUSSION 
The identification of the open reading frame of 
73 codons in wheat chloroplast DNA as the gene 
for the 10 kDa phosphoprotein provides informa- 
tion on the chemical composition of the protein. 
The protein deduced from the nucleotide sequence 
has a relative molecular mass of 7647 Da dis- 
counting the contribution of the initiating methi- 
onine residue. The protein is highly charged near 
the N-terminus with 6 basic and 3 acidic residues in 
the region of residues 7-32; two additional acidic 
residues are located near the C-terminus at residues 
59 and 68. Overall the protein is predicted to be 
slightly basic, although on phosphorylation the 
protein would become negatively charged. A 
hydrophobic region near the C-terminus of the 
protein (residues 42-58) may fold to produce a 
membrane-spanning a-helical sequence. The 
presence of a single membrane-spanning region 
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Volume 209, number 2 FEBS LETTERS December 1986 
would suggest hat the N- and C-termini of the 
protein are located on opposite sides of the 
thylakoid membrane. Bennett [21] has shown that 
the protein is phosphorylated on a threonine 
residue(s) and the phosphorylated residues are 
removed by treatment of unstacked thylakoid 
membranes with trypsin [22]. Although the de- 
duced wheat sequence contains 6 threonine resi- 
dues, the one that is the most likely candidate for 
the phosphorylation site is Thr 17. The two 
threonines (Thr 3 and Thr 5) in the N-terminal se- 
quence of the spinach phosphoprotein were re- 
ported not to be phosphorylated [111. Thr 39, 40 
and 72 would not be released by trypsin cleavage if 
residues 42-58 form a membrane-spanning 
sequence. Thr 17 would be released in a small pep- 
tide by trypsin cleavage at Lys 24 or 32. This 
threonine residue is also flanked by basic residues, 
a feature commonly observed at phosphorylation 
sites [23]. Removal of the phosphorylation site by 
trypsin treatment of unstacked thylakoid indicates 
that the phosphorylation site must be on the 
stromal side of the membrane. This suggests that 
the N-terminal sequences of the protein are located 
on the stromal side of the membrane, with the C- 
terminal residues in the intrathylakoid space. The 
mechanism by which the protein attains this con- 
figuration in the membrane is of considerable in- 
terest, but is currently unknown. One other feature 
of the synthesis of the mature protein is the 
removal of the initiating N-formylmethionine 
residue. In common with animal and bacterial 
systems, chloroplasts remove the N-terminal 
methionine residues of some proteins, for example 
the polypeptides of cytochrome b-559 [24,25] and 
the f-subunit of ATP synthase [26], but not others 
t271. 
Although the nucleotide sequence of the gene 
for the phosphoprotein can give valuable informa- 
tion on characteristics of the protein, it is unable to 
indicate the function of the protein. There have 
been several suggestions in the past concerning the 
identity and function of the 10 kDa phosphopro- 
tein. These have included the proteolipid subunit 
of the ATP synthase [28], cytochrome b-559 [29] 
and cytochrome b-563 [30]. Although all of these 
suggestions can be discounted on the basis of the 
N-terminal sequence of the spinach phosphopro- 
tein alone [ 111, comparisons of amino acid com- 
positions using the parameter SAn are presented in 
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Table 2 
Comparison of the amino acid composition of the 
spinach 10 kDa phosphoprotein [l l] and amino acid 
compositions of various other chloroplast proteins, 
deduced from nucleotide sequences of gene 
Protein SAna Nb Ref. 
Wheat ORF 73 product 7.2 72 this paper 
Wheat proteolipid subunit 
of ATP synthase 96.0 81 [=I 
Wheat 9 kDa polypeptide of 
cytochrome b-559 88.0 83 1181 
Spinach cytochrome b-563 
residues l-100 135.7 100 1291 
Spinach cytochrome b-563 
residues 101-211 86.0 111 E’l 
Wheat LHCII polypeptide 
residues l-90 25.0 90 [301 
a SAn is defined in section 2 
b N = no. of residues used for calculation of ni for 
spinach phosphoprotein 
table 2. Values for SAn of 86-136 for comparison 
of the spinach phosphoprotein and these other 
proteins clearly indicate the ability of the 
parameter SAn to discriminate between non- 
identical proteins. Also included in table 2 is a 
comparison with the N-terminal 90 residues of the 
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Fig.3. DIAGON plot of the amino acid sequences of the 
10 kDa phosphoprotein (vertical axis) and the N- 
terminal 90 amino acid residues of wheat LHCII 1321, 
constructed according to Staden [ 151. Spans of 4 1 amino 
acid residues were compared and each dot represents a 
match at a probability of 0.5%. 
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Fig.4. Alignment of the amino acid sequences of the 10 kDa phosphoprotein a d the N-terminal residues of LHCII 
from wheat [32] and Lemna [34,35]. Identical residues are boxed. 
protein (LHCII), which is the other main 
phosphoprotein of chloroplast membranes [21]. 
This protein is also phosphorylated on threonine 
residues [21] located near the N-terminus of the 
protein [33]. The value of SAn of 25 suggests ome 
similarity between the sequences of the 10 kDa 
phosphoprotein and the LHCII polypeptide. Weak 
sequence homology between residues 27-63 of the 
wheat phosphoprotein and residues l-37 of the 
LHCII polypeptide is indicated by a DIAGON plot 
(fig.3). A direct sequence comparison is shown in 
fig.4, indicating identical residues in 30% of the 
positions in this region of the wheat phosphopro- 
tein and the LHCII polypeptides of monocotyle- 
donous plants. Allowing for conservative repla- 
cements, these regions of the proteins show ap- 
prox. 50% similar residues. The significance of 
this sequence homology is not clear, but presum- 
ably reflects a common evolutionary origin of the 
genes for these proteins. Allen and Holmes [36] 
have suggested that the phosphoprotein may bind 
chlorophyll and be involved in excitation energy 
distribution. However, the deduced protein se- 
quence shows that the protein contains no histidine 
or cysteine residues which could be involved in 
chlorophyll binding. A role in excitation energy 
distribution may be the function of the protein. 
Phosphorylation of the 10 kDa polypeptide would 
result in a change in the charge on the N-terminal 
region of the polypeptide. As with LHCII, this 
may result in changes in the appression of the 
stacked granal membranes, allowing greater lateral 
mobility of the LHCII complexes and transfer of 
excitation energy to photosystem I. The lateral 
mobility of the 10 kDa polypeptide has not been 
investigated, and it is not presently known if the 
10 kDa phosphoprotein shows the same lateral 
mobility as LHCII complexes. Differences in the 
lateral mobility of these two proteins may explain 
the differences in the rates of dephosphorylation 
of the phosphorylated proteins [22] if the protein 
phosphatase responsible for the dephosphoryla- 
tion is located primarily in the stromal lamellae. 
Although much remains to be learned of the func- 
tion of the 10 kDa phosphoprotein, the 
characterisation of the gene for this polypeptide 
provides some of the basic information needed for 
studies on its function. 
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